Abstract. The nucleoside 2'-deoxycytidine (dCyd) increases in the plasma of cancer patients with poor prognoses. 5-fluorouracil (5FU) is one of the anti-cancer agents used in chemotherapy for patients whose plasma dCyd is elevated. We examined the free dCyd level in various tissues of mice, with and without tumors, and in mice with and without the administration of 5FU or of dCyd, and investigated the effects of dCyd in tumor-bearing animals. SP2/0-Ag14 mouse myeloma cells were transplanted subcutaneously into mice and 5FU or dCyd was administered intraperitoneally. Free dCyd was measured in blood and tissues by HPLC at two time points, once when mouse body weight was maximally decreased (1 day after the last administration of 5FU, day 16) and again when it returned to control level at 1 week after the last 5FU treatment (day 22). Results showed that in tumor-bearing mice,
Introduction
2'-Deoxycytidine (dCyd), a pyrimidine nucleoside, is found at high concentrations in the plasma of poor-prognosis patients with bladder cancer, acute lymphoma (1) or hepatoma (2) , and of breast cancer patients who have been treated with chemotherapy [cyclophosphamide, methotrexate and 5-fluorouracil (5FU)] (3). Moreover, the anti-tumor activity of 5FU has been found to be decreased by dCyd in SP2/0-Ag14 mouse myeloma-bearing mice (4) . However, it is unclear why dCyd increases in cancer patients and whether the administration of 5FU affects the dCyd level in tissues. Thus, we examined free dCyd levels in non-tumor-bearing and tumor-bearing mouse tissues, and in tumor-bearing mice treated with 5FU or dCyd.
Moyer et al (5) studied the metabolism of radiolabeled pyrimidine nucleosides administered to mice by intravenous injection. They found that the half-life of dCyd was less than 9 min and that deoxyuridine (dUrd), from deamination of dCyd, was present even at 1 min, and equaled the concentration of dCyd in the plasma by 10 min. Additionally, they measured the radioactivity in the acid-soluble fractions of tissues, as a nucleoside or in the DNA fraction, after 30 min. The tissue concentration of unmetabolized dCyd was very low. This study suggested that administered dCyd was removed from the plasma almost immediately and was distributed in tissues in the form of dUrd and/or DNA.
This report examined endogenous-free dCyd levels in various tissues of mice into which SP2/0 cells had been subcutaneously transplanted to generate solid-tumors, with or without 5FU or dCyd administration. The free dCyd level was found to be particularly elevated in the spleens of tumorbearing animals. Administration of 5FU was observed to affect liver weight and this alteration may involve changes in the free dCyd level.
Hygienic Science, Tokyo, Japan). These cells were maintained in culture dishes in RPMI-1640 containing 10% heat-inactivated FBS, penicillin at 100 U/ml and streptomycin at 100 µU/ml, under a humidified atmosphere of 5% CO 2 at 37˚C. To inoculate mice, the cells were removed from dishes by pipetting and washed twice with PBS. The cell number was determined during trypan blue exclusion tests (6) .
Animals and dCyd and 5FU treatments. BALB/c mice (male, 5-week-old, weighing 20-25 g) were obtained from Japan SLC (Hamamatsu, Japan). The animals were continually cared for in a room maintained at 25±1˚C and 55±5% humidity with free access to water and food. For tumor-bearing treatment groups, SP2/0 cell suspension (1x10 6 cells/mouse) was inoculated subcutaneously (s.c.) into a shaved area on the back of each mouse on day 0. Then, 7 days later, body weight and relative tumor volume were measured. Tumor volume was calculated using the following formula: tumor volume (mm 3 ) = A x A x B /2, where A is the smallest diameter (mm) and B is the largest diameter (mm) of solid tumor, measuring with a vernier caliper. When tumor volume in these animals reached approximately 100-300 mm 3 at day 7, all mice were divided into five groups as follows: normal (PBS administered to nontumor-bearing mice), non-tumor-dCyd (N-dCyd, 0.1 mmol/kg dCyd administered to non-tumor-bearing mice), control (PBS administered to tumor-bearing mice), tumor-dCyd (T-dCyd, 0.1 mmol/kg dCyd administered to tumor-bearing mice) and tumor-5FU (T-5FU, 0.15 mmol/kg 5FU administered to tumor-bearing mice). Moreover, each group was divided into two samples and sacrificed on different days as described below. Each sample consisted of 2-5 mice. 5FU or dCyd was dissolved in sterile PBS at a given concentration and filtered through a 0.22-µm filter. On days 8 through 15, PBS, dCyd or 5FU was administered at 0.1 ml/10 g body weight by intraperitoneal injection (i.p.), and body weight and relative tumor volume were recorded. Relative tumor volume was calculated by dividing the tumor volume on a given day by that on day 7. Change in body weight was calculated as the weight on a given day minus the weight on the first day of treatment administration (day 8). Animals in one sample of each group were sacrificed at 1 day after the final i.p. injection (day 16), and the remaining animals were sacrificed at 6 days after the final i.p. injection (day 22), under diethyl ether anesthesia. Blood was collected from the heart into test tubes containing EDTA (1.5 mg/ml blood) and body tissues were removed and weighed.
The protocol was performed according to the guidelines of the Japanese Society for Pharmacology and was approved by the Committee for Ethical Use of Experimental Animals at Setsunan University.
Measurement of dCyd in tissues by high-performance liquid chromatography (HPLC)
. TCA (10 ml of a 10% solution) was added to 1 g (wet weight) of tissue, and the tissue was homogenized. Plasma samples were mixed with equal volumes of 10% TCA. Tissue homogenate and plasma were centrifuged at 2,000 x g for 15 min. The supernatant was neutralized with 2 M KOH and applied to Supelclean LC-SAX SPE tubes (Supelco, Bellefonte, PA, USA) that had been conditioned by washing with distilled water and 0.2 M glycine buffer (pH 3.0). dCyd was eluted with the glycine buffer, passed through a 0.45-µm filter and subjected to HPLC. An aliquot of the filtrate was applied to a MIGHTySIL RP-18 GP Aqua 250-4.6 (5 µm) column (Kanto Kagaku Co., Tokyo, Japan). The column was maintained at 40˚C. dCyd was eluted with a linear gradient from 0.1% TFA to 20% acetonitrile containing 0.1% TFA, at a rate of 1.0 ml/min for 30 min. The eluate was monitored with a UV detector (875-UV detector; Jasco, Tokyo, Japan) at 265 nm. The complete instrument consisted of an 880-PU pump (Jasco), 880-51 degasser (Jasco), LG-980-02 ternary gradient unit (Jasco), 860-CO column oven and Unicorder U-228 (Pantos, Uji, Japan).
Statistical analysis of measurements. Data were analyzed using the F-test for variance and Student's t-test for significance.
Results
Effects of drug administration on body weight and relative tumor volume. Body weight in the tumor-bearing control group was heavier than in the normal group (Fig. 1 ). In the T-5FU group, body weight at day 16 was lower than the baseline, but increased to the level of the tumor-bearing controls at day 22. Body weight in the N-dCyd group was similar to that in the non-tumor-bearing normal group (data not shown).
The relative tumor volume of the tumor-bearing control group was 50 on day 16, while that of the T-dCyd group was 30 (Fig. 2) . In the T-5FU group, the relative tumor volume increased less than in the control group.
Tissue weight and dCyd level. At day 16, liver weight in the tumor-bearing control group was 1.4-fold heavier than in the normal group (Fig. 3A) . However, liver weight of the T-5FU group decreased in comparison to its control group. The level of dCyd in the liver was not affected by tumor-bearing status A B or by administration of dCyd or 5FU. At day 22, liver weight in the tumor-bearing control group was 1.6-fold heavier than in the normal group (Fig. 3B) , and that in the T-5FU group was similar to the controls. The level of dCyd in the liver was increased by administration of 5FU. At day 16, spleen weight and the level of dCyd in the spleen of the tumor-bearing control group increased 4.3-fold, 1.4-fold above the normal group (Fig. 4A) . At day 22, spleen weight and the level of dCyd in the spleen of the tumor-bearing control group was increased 4.2-fold, 1.4-fold above the normal group (Fig. 4B) . Administration of dCyd did not affect the level of dCyd detected in the liver or spleen of tumor-bearing or nontumor-bearing mice on either day.
At day 16, tumor weight appeared to decrease in the T-dCyd and T-5FU groups (Fig. 5A) . The level of dCyd was similar among the groups. At day 22, tumor weights and levels of dCyd in tumors were unaffected by the administration of dCyd or 5FU (Fig. 5B) . At day 16, the level of dCyd in the plasma was approximately 10 µM and was increased by administration of dCyd (Fig. 6A) . No difference in plasma dCyd was observed between tumor-bearing and non-tumorbearing mice on days 16 and 22 (Fig. 6A and B) . Table I shows the weight, level of dCyd and net amount of dCyd in various tissues of the normal and control groups on days 16 and 22. The weights of kidney and lungs were not different between groups. On the other hand, the weights of liver and spleen were markedly increased in the tumor-bearing control group. The level of dCyd in liver, kidney, spleen and tumor was approximately 1.0-2.0 µmol/g tissue, whereas that in the heart and lungs was 0.2-0.8 µmol/g tissue. The net amount of dCyd in liver and spleen was markedly increased in the control group.
Discussion
We investigated the free dCyd level in various tissues of mice, with and without tumors, and in mice with and without 5FU or dCyd administration. The free dCyd level was measured at 1 day after the last drug administration (day 16), when the body weight of mice administered 5FU was maximally decreased, and at 1 week after the last administration (day 22), when weights had returned to the level of the controls. It is likely that the increasing body weight was influenced by increasing tumor volumes. Liver weights had decreased with 5FU treatment at day 16 and were similar to those of the tumor-bearing control group at day 22. At day 22, dCyd in liver in the T-5FU group was higher than in the control group; this difference appeared to correlate with the increase in plasma dCyd.
Berlinger (7) reported that the concentration of dCyd was increased in plasma and in cerebrospinal fluid after hepatectomy. Schneider et al (8) reported that the activity of the enzyme that synthesizes dCyd diphosphate choline was increased in rat hepatomas and in regenerating liver after partial hepatectomy and was related to increased DNA synthesis. These reports may be significant for our study, in which the level of dCyd in the liver increased with the recovery of liver weight after decreases caused by administration of the anti-tumor agent 5FU. Thus, it is suggested that the free dCyd level is influenced by changes in tissue weight or tissue regeneration.
In this study, spleen had the highest level of dCyd among the measured tissues. In spleen, the weight, level of dCyd and net amount of dCyd were all significantly increased in tumor-bearing mice, compared to the non-tumor groups, on both day 16 and day 22. Osogoe et al reported that after tritiated dCyd was administered to mice intraperitoneally, radioactivity was strongly detected in the germinal center cells of the spleen and in Peyer's patches of the intestine in both mouse (9) and rat (10) . We speculate whether dCyd may act as a defense mechanism in the body, given the spleen's role among the lymphatic tissues and its involvement in the reticuloendothelial system. The spleen contains plasma cells, B lymphocytes, T lymphocytes, antigen-presenting cells and macrophages, which all function in immunity. Recent studies have focused on activation-induced cytidine deaminase (AID), a member of the cytidine-deaminase family, for which cytidine and dCyd are substrates. AID is essential for somatic hypermutation (SHM) and class-switch recombination in the immunoglobulin genes (11) , and the AID gene is specifically Table I . dCyd levels in various tissues and plasma of BALB/c mice, at days 16 and 22 after inoculation with (+) or without (-) SP2/0 mouse myeloma cells. expressed in germinal center B cells (12) in the spleen, in its role as a secondary lymphoid organ. Moreover, the inappropriate expression of AID causes DNA and/or RNA editing (13, 14) and is involved in human malignancies via genomic DNA cleavage, which contributes to tumorigenesis (15) . The increase in free dCyd in the body may inhibit mutations caused by AID through an effect on the production or repair of DNA and/or RNA. Of the tissues measured, the highest net amount of dCyd was found in tumors. We think this high level reflects the dCyd level in plasma, where it can be used as prognostic marker for cancer patients (1). However, the dCyd level in plasma was unaffected by tumor-bearing status in this study. These results suggest that the dCyd level in plasma depends indirectly on tumor size. For example, it is possible that dCyd level is affected by changes in the activity of enzymes that metabolize dCyd. We aim to examine the activities of such enzymes, e.g., deoxycytidine deaminase (16), cytidine deaminase (17) and deoxycytidine kinase (18, 19) , in tissues of non-tumor-bearing and tumor-bearing mice.
Notably, the administration of dCyd to tumor-bearing mice seemed to decrease the relative tumor volume and the tumor weight in this study. This suggests that dCyd has the ability to inhibit tumor growth, at least somewhat. However, in our previous study (4) , dCyd had no effect on survival in tumor-bearing mice. Differences between the previous and the present study in the tumor inoculation protocol may be responsible for this. In the previous experiments, the tumor was implanted and dCyd was administered intraperitoneally, whereas in the present study, the tumor was implanted subcutaneously on the back of the mice, with dCyd administered intraperitoneally. Since dCyd must travel in the blood circulation to reach the solid tumor, metabolites or anabolites of dCyd may have anti-tumor activity. Additionally, the ability of dCyd to inhibit tumor growth may be indirect (e.g., by activating defensive factors in lymphatic tissues).
From the results of this study, we found that i) the administration of 5FU had an effect on liver weight, which correlated with tissue dCyd level, ii) free dCyd levels were high in the spleens of tumor-bearing mice and iii) the administration of dCyd had the ability to inhibit solid tumor growth. Further studies are required to clarify the role of dCyd in the tumorbearing body.
